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Abstract

A prominent function of TGIF1 is suppression of transforming
growth factor beta (TGF-B) signaling, whose inactivation is deemed
instrumental to the progression of pancreatic ductal adenocarci-
noma (PDAC), as exemplified by the frequent loss of the tumor
suppressor gene SMAD4 in this malignancy. Surprisingly, we found
that genetic inactivation of Tgifl in the context of oncogenic Kras,
Kras®*?P, culminated in the development of highly aggressive and
metastatic PDAC despite de-repressing TGF-f signaling. Mechanis-
tic experiments show that TGIF1 associates with Twistl and inhi-
bits Twistl expression and activity, and this function is suppressed
in the vast majority of human PDACs by Kras®**°/MAPK-mediated
TGIF1 phosphorylation. Ablating Twistl in Kras®*?%;Tgif1® mice
completely blunted PDAC formation, providing the proof-of-prin-
ciple that TGIF1 restrains Kras“**°-driven PDAC through its ability
to antagonize Twistl. Collectively, these findings pinpoint TGIF1 as
a potential tumor suppressor in PDAC and further suggest that
sustained activation of TGF-B signaling might act to accelerate
PDAC progression rather than to suppress its initiation.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading
cause of cancer death and one of the most aggressive human
malignancies (Hidalgo, 2010; Jemal et al, 2010). The vast majority
of PDAC patients present with inoperable disease and rapidly
succumb from a devastating illness characterized by a very rapid
tumor dissemination and severe cachexia, leading to treatment
intolerance and general organ dysfunction (Hidalgo, 2010; Jemal
et al, 2010; Stathis & Moore, 2010). Advanced PDAC has a

cumulative 5-year survival rate of < 5% (Kern et al, 2011; Maitra
& Hruban, 2008).

Pancreatic ductal adenocarcinoma evolves through a series of
pre-neoplastic lesions, termed pancreatic intraepithelial neoplasia
(PanIN), accompanied by recurrent genetic alterations, the earliest
and most ubiquitous of which activating mutations in the KRAS
proto-oncogene, affecting more than 90% of PDAC patients (Almo-
guera et al, 1988; Hezel et al, 2006). Given their high incidence at
very early stage PanIN, perturbations in KRAS are considered as key
genetic determinants in PDAC initiation. The accumulation of addi-
tional inactivating mutations in other tumor suppressor genes (e.g.,
DIG6INK4A, TP53, and SMAD4) occurs at high frequency in late-stage
PanlIN, and these alterations are deemed essential for tumor progres-
sion and metastasis (Hezel et al, 2006; lacobuzio-Donahue, 2012).

Considerable efforts have been made during the last two decades
to generate animal models that faithfully recapitulate the natural
history of human PDAC. For instance, mice with pancreas-specific
expression of Kras®!?P develop PanINs that can gradually progress
to invasive PDAC, providing evidence for oncogenic KRAS as the
major driver in PDAC (Hingorani et al, 2003; Tuveson et al, 2004).
In contrast, engineering pl6lnk4a, TrpS53, or Smad4 inactivating
mutations into pancreas failed to induce pancreatic neoplasia per se,
and expression of Kras®'?P appeared critical for their malignant
properties (Aguirre et al, 2003; Bardeesy et al, 2006a,b; Hingorani
et al, 2005). Along these lines, concomitant Kras®!?P expression and
inactivation of pl6Ink4a or Trp5S3 accelerate the development of
PDAC with clinical and histological features that closely recapitulate
key aspects of the human disease, such as the highly reactive desmo-
plastic stroma and aggressive metastatic behaviors (Aguirre et al,
2003; Bardeesy et al, 2006a; Hingorani et al, 2005). Likewise,
concomitant Kras®'?P expression and Smad4 inactivation result in
rapid development of highly invasive PDAC tumors resembling intra-
ductal papillary mucinous neoplasia (IPMN), a precursor to PDAC in
humans (Bardeesy et al, 2006b; Whittle et al, 2015). Intriguingly,
these IPMN/PDAC tumors retain a well-differentiated ductal struc-
ture and manifest an attenuated metastatic potential, creating a
conundrum of how Smad4 could enhance malignant conversion of
PDAC while simultaneously compromising its metastatic potential.
Owing to its prominent function in TGF-f signaling, these seemingly
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distinct effects of Smad4 have been attributed to a potential bimodal
role of TGF-f signaling that typically manifests during cancer initia-
tion and progression in a number of human malignancies (Mas-
sague, 2008). However, since these genetic studies relied exclusively
upon suppression of TGF-B/Smad signaling (Bardeesy et al, 2006b;
Whittle et al, 2015), it remains unclear whether activation of the
TGF-B pathway is indeed needed to sustain the metastatic pheno-
type, and, if so, whether this entails an intact Smad signaling. Such
information would produce insights into the so-called divergent
actions of TGF-p signaling and also ascertain whether targeting this
pathway is prudent for cancer therapeutics when both tumor-
suppressive and promoting features might co-exist.

TGF-p initiates responses by contacting two types of transmem-
brane Ser/Thr kinases called type I (TBRI) and type II (TBRII) recep-
tors, promoting phosphorylation and activation of TBRI by the TBRII
kinase (Attisano & Wrana, 2002; Massague et al, 2005). In the
canonical pathway, the activated TBRI propagates signals by phos-
phorylating intracellular downstream effectors, Smad2 and Smad3
(Smad2/3), which then complex with Smad4 and translocate to the
nucleus to regulate expression of TGF-f target genes through coop-
erative interaction with general transcriptional coactivators or core-
pressors (Massague et al, 2005). The ability of TGF-p pathway to
regulate vast arrays of target genes enables the pathway to impact
diverse cellular processes including proliferation, apoptosis, dif-
ferentiation, and migration (Feng & Derynck, 2005; Massague,
2008).

Because of its critical roles in cell fate determination, TGF-B
signaling is subject to many levels of positive and negative regula-
tion, targeting both receptors and intracellular mediators. For exam-
ple, TGF-B signaling can be limited by TG-interacting factor 1
(TGIF1), a nuclear protein originally thought to repress Smad tran-
scriptional activity by binding to Smad2 and Smad4 on promoters of
target genes and recruiting corepressor complex containing histone
deacetylases (HDAC; Wotton et al, 1999). However, recent studies
from our laboratory have revealed that TGIF1 can also interfere with
early phases of TGF- signaling, presumably by restricting access of
Smad2 for phosphorylation by TBRI (Ettahar et al, 2013; Seo et al,
2006). Congruently, Tgifl inactivation either in vitro or in vivo is
sufficient for Smad2/3 phosphorylation and attendant integration of
the TGF-B transcriptional program. As such, exploring the role of
TGIF1 in PDAC could provide new insights into how TGF-f signal-
ing influences PDAC behaviors, in particular whether TGF-f’s
actions on proliferation and metastasis depend on its ability to
impact cell proliferation, alter processes that orchestrate the malig-
nant conversion and metastasis or both.

In this study, we combined several orthogonal approaches and
models to demonstrate that TGIF1 functions as a potential tumor
suppressor in PDAC driven by Kras“'?®. We found that although
Tgifl inactivation in the pancreatic epithelium culminated in hyper-
activation of TGF-B signaling, it enabled rapid development of
highly aggressive and metastatic PDAC. We provide molecular and
genetic evidence that TGIF1 functions to suppress PDAC progression
by antagonizing the pro-malignant transcription factor Twistl.
Collectively, these findings unveil an unanticipated tumor suppres-
sor role for TGIF1 in PDAC, therefore offering an unprecedented
framework for further exploring the concept in which TGF-p cyto-
static signaling fulfills biphasic role during PDAC initiation and
progression.

2 of 19 The EMBO Journal ~ 38: €101067 | 2019

Parash Parajuli et al

Results
TGIF1 is dispensable for normal pancreatic development

Mice with global homozygous deletion of Tgifl (Tgifl™’~) have
been shown to display a variety of subtle phenotypes, including
runting and intestinal inflammation (Bartholin et al, 2008; Hneino
et al, 2012; Taniguchi et al, 2012). However, further targeted
comprehensive analysis of these mice failed to reveal any overt
pathology in the pancreatic function, as evidenced by the normal
fasting blood glucose levels, gain of body weight, and unperturbed
pancreatic parenchymal architecture (Fig EV1IA-C). To confirm
these observations, we generated mice with pancreas-specific dele-
tion of Tgifl (Tgif1*°) by crossing Tgif1’" mice with Pdx1-Cre mice,
which express Cre recombinase in all pancreatic progenitor cells
beginning during early development at E8.5 (Gu et al, 2003; Shen &
Walsh, 2005). TgifIKo mice were born at the Mendelian ratio,
showed no evidence of any gross anatomic or physiological abnor-
malities, and had normal body weight and life expectancy
(Fig EV1D, see also Fig 1C). Immunoblotting analysis confirmed the
loss of TGIF1 expression in pancreatic tissue from Tgifl*° mice
(Fig EV1E). As anticipated (Ettahar et al, 2013; Seo et al, 2006),
both immunoblotting and immunofluorescence showed a marked
increase in Smad2 phosphorylation in TgiflKO mice relative to wild-
type littermates (Figs 1A and EV1E). Despite elevated TGF-B/Smad
signaling, Tgif1*° mice pancreata were indistinguishable from those
of wild-type mice in overall histology, as assessed by staining with
hematoxylin and eosin (H&E) or immunohistochemistry (IHC) using
antibodies to Amylase (acinar marker) or Cytokeratin 19 (CK19;
ductal marker; Fig 1B). Likewise, there were no changes in the
expression of pancreatic endocrine markers, including Insulin (B-
cells) and Glucagon (a-cells), which is consistent with the normal
fasting blood glucose (Fig EVIF and G). Finally, none of the Tgif1*°
mice developed pancreatic neoplasms during an observation period
of 18 months (Fig 1C-E). Thus, the apparently healthy pancreas in
both Tgif1~/~ and Tgif1%C mice indicated that constitutive activation
of TGF-B/Smad signaling throughout embryonic development and
postnatal life was insufficient to perturb pancreas homeostasis or
promote sporadic pancreatic cancer development.

Tgif1 inactivation accelerates Kras®*?°-driven PDAC

Based on PDAC mouse models with either TSRII or Smad4 deletion,
it has been postulated that inactivation of TGF-f signaling facilitates
PDAC progression (Bardeesy et al, 2006b; Ijichi et al, 2006). Never-
theless, other studies have reported that TGF-§ signaling is highly
active during late stages of PDAC (Bardeesy et al, 2006b; Friess
et al, 1993; Wagner et al, 1999). We independently confirmed this
observation by assessing TGF-B1 expression in a human PDAC
tissue microarray (Fig EVIH). We also detected increased Smad2
phosphorylation in PDAC tumors (Fig EV1I) from three well-charac-
terized mouse models of PDAC, e.g., Kras®'?";Pdx1-Cre (KC),
Kras®'?P; Trp53R172H/* :pdx1-Cre (KPC), and Kras®'?P;p16Inkda™;
Pdx1-Cre (KIC; Bardeesy et al, 2006a,b; Hingorani et al, 2005). The
fact that TgifI inactivation leads to de-repression of TGF-f signaling
provided us with a unique platform to delineate the exact role of
TGF-B signaling in PDAC under gain-of-function conditions instead
of loss-of-function conditions, as performed in previous genetic
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Figure 1. Tgif1 inactivation deepens Kras®*?°-driven PDAC.

A Formalin-fixed paraffin-embedded (FFPE) sections from control or Tgif1“® mice were immunostained with anti-pSmad2 antibody and revealed by
immunofluorescence (IF) and DAPI. Representative pictures at 40x are shown (n = 30). Scale bars, 100 pM.

B FFPE pancreatic sections from control or Tgif1“° mice were stained with hematoxylin and eosin (H&E) or immunostained with antibodies to CK19 or Amylase and
revealed by IHC. Representative pictures at 20x are shown (n = 30). Scale bars, 200 pM.

C Kaplan—Meier survival analysis of control, Tgif1“°, KC, and KTC mice. A regular mosaic two-color line was used to discriminate between control and Tgif1“ mice.

Pictures of whole pancreas and spleen tissues from control, Tgif1*°, KC, or KTC mice (left). Weight of pancreas was measured and presented as dot plot (n = 30).

E  FFPE pancreatic sections from control, Tgif1“°, KC, or KTC were stained with H&E or subjected to IHC analysis using antibodies to CK19 or a-SMA. Yellow arrows
indicate PanINs in KC mice. Representative pictures at 20x are shown (n = 30). Scale bars, 200 pM.
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studies (Bardeesy et al, 2006b; Ijichi et al, 2006). Thus, we set out
to conduct comparative experiments using mice with Kras®'?P alone
(KC) or in combination with Tgifl conditional deletion (termed
thereafter as KTC mice). Consistent with previous findings (Hingo-
rani et al, 2003; Tuveson et al, 2004), most KC mice showed
uniformly good health through age of 20 weeks, and thereafter, a
subset of these mice succumbed to PDAC (Fig 1C). Perhaps surpris-
ingly, combining Kras®'?" expression with Tgifl deletion resulted in
a dramatic acceleration of the onset of PDAC. Notably, at 8 weeks
of age, the majority of KTC mice began to demonstrate jaundice and
abdominal distension due to ascites and the tumor itself (Fig 1D).
Kaplan—-Meier analysis showed a dramatic decrease in median
survival of KTC mice as compared to KC mice (Fig 1C). Noteworthy,
all KTC mice died within 19 weeks, whereas more than 78% of KC
survived within this time period (Fig EV1J). Gross inspection at
necropsy revealed that KTC tumors were irregularly shaped with
white appearance (Fig 1D), typical characteristic of PDAC (Hingo-
rani et al, 2003). Moreover, splenomegaly was frequently observed
in these mice (Fig 1D). At this stage, pancreas of KC mice displayed
almost normal appearance (Fig 1D). Microscopic examination
showed that KTC tumors displayed uniformly poorly differentiated
architecture, which occupied the entire pancreas, resulting in almost
complete loss of normal pancreatic tissue (Fig 1E). They stained
positive for the ductal marker CK19 and were negative for Amylase
and Chromogranin A (Figs 1E and EV1K), consistent with a PDAC
phenotype. The tumors also displayed a marked desmoplastic
stroma, as assessed by the strong expression of alpha smooth
muscle actin (a-SMA; Fig 1E), a feature frequently seen in human
PDAC (Feig et al, 2012; Ozdemir et al, 2014). Of note, age-matched
KC mice developed PanINs that were confined within large areas of
normal pancreas exhibiting well-organized acinar architectures
(Fig 1E), as reported previously (Bardeesy et al, 2006a,b; Hingorani
et al, 2003; Jjichi et al, 2006). These data strongly suggest that loss
of TGIF1 function might promote the development and/or progres-
sion of PDAC driven by Kras®!?P.

Tgifl inactivation drives PDAC metastasis

The accelerated progression of PDAC in KTC mice promoted us to
conduct more detailed pathological analyses to assess the kinetics of
PDAC formation and progression under TGIF1 deficiency condi-
tions. KC mice have been reported to develop focal PanINs as early
as 4 weeks, but most of the lesions do not progress into malignant
PDAC over the next 40 weeks (Bardeesy et al, 2006a,b; Hingorani
et al, 2003; ljichi et al, 2006). Histological analysis at 4 weeks of
age showed that KTC mice pancreata displayed very few multifocal
isolated PanINs and acinar-ductal metaplasia (ADM) lesions embed-
ded within abundant normal pancreatic areas, similar to what
observed in age-matched KC mice (Appendix Fig S1A). At 8 weeks
of age, most of KTC mice displayed abundant high-grade PanINs
and full PDAC lesions, whereas their age-matched KC counterparts
still have only focal low-grade PanINs (Appendix Fig S1A). Consis-
tently, PanINs in KTC mice displayed increased proliferation rate
compared to PanINs in KC mice, as determined by BrdU incorpora-
tion (Appendix Fig S1A). The penetrance of tumor appearance
across mice of the KTC genotype was 100% at the age of 18 weeks
(Figs 1C and EV1J). Collectively, these findings illustrate that TgifI
inactivation accelerates Kras®'?P-driven PDAC formation.
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Apart from KTC mice that were sacrificed as they reached termi-
nal morbidity due to heavy tumor burden, the remaining mice
(63%) that survived beyond 8 weeks developed PDAC with both
local invasion and distant macroscopic metastases into the liver
(Fig 2A). Further histopathological analysis of primary PDAC
tumors by H&E or immunofluorescence (IF) using anti-Vimentin
antibody showed massive invasion of lymph node, a phenotype
never seen in age-matched KC mice (Fig 2B). To provide further
evidence that Tgifl inactivation promotes PDAC metastasis, we
generated KC and KTC mice harboring a Cre-inducible luciferase
(Cheung et al, 2008) to monitor PDAC metastatic spread in live
animals. Relative to age-matched KCM¢ mice, which showed only
weak local bioluminescence signal, 5 out of 6 KTC**“ mice displayed
disseminated PDAC, affecting both lung and liver (Fig 2C), two sites
associated with human PDAC (Stathis & Moore, 2010). None of the
six mice developed metastasis to the brain (Fig 2C). H&E analysis
confirmed the presence of metastatic lesions in liver and lung in
KTC"*¢ mice but not in KC"** mice (Fig 2B). As anticipated, both
liver and lung of Tgif]Ko mice showed normal appearance
(Appendix Fig S1B). Thus, TgifI inactivation appeared to accelerate
the metastatic behaviors of PDAC driven by Kras®'?P.

Next, we conducted comparative experiments to assess TGF-3
signaling in PDAC from KTC and KC mice. As gauged by IHC, KTC
mice displayed more pronounced pSmad2 abundance compared to
KC mice irrespective of whether the lesions correspond to PanINs or
PDAC (Appendix Fig S1C). Consistently, KTC mice also displayed
increased staining of JunB (Appendix Fig S1C), a well-characterized
TGF-p target gene (Sundqvist et al, 2018). Similar results were
obtained when Smad2 phosphorylation and JunB expression were
analyzed by immunoblotting and/or qRT-PCR (Fig 2D and E).
Collectively, these data reveal that TGF-3 signaling is hyperactive in
KTC mice during PDAC progression, therefore raising the possibility
that activation of this pathway may predominately serve to acceler-
ate the malignant conversion of PDAC rather than to fulfill a check-
point mechanism to constrain tumor initiation.

TGIF1 represses Twistl expression

Accumulating evidence supports a role of Twistl in Kras®'*P-driven
tumorigenesis and metastasis in a variety of organ systems, includ-
ing pancreas (Hong et al, 2011; Lee & Bar-Sagi, 2010). To gain
mechanistic insight into how TGIF1 deficiency promotes PDAC
development and progression, we sought to explore further an inter-
action between TGIF1 and Twistl that we identified in a yeast two-
hybrid system screening (Ettahar et al, 2013). Using transfected
HEK293T cells, we confirmed that TGIF1 displayed strong affinity
for Twistl in mammalian cells (Appendix Fig S2A). Endogenous
TGIF1 and Twistl also exhibit strong affinity for each other in the
human PDAC cell line MIAPaCa-2 (Fig 3A). We also detected an
endogenous interaction between TGIF1 and Twistl in pancreatic
extracts from wild-type mice, but not from Tgif1*° mice, used as a
negative control (Fig 3B). Of note, the TGIF1-Twistl interaction
does not require binding of TGIF1 and/or Twistl to chromatin, as
treatment of samples with DNase I had little or no effect on the
assembly of TGIF1-Twistl complex (Fig 3C). We also found that
treatment of Panc-1 cells with TGF-B up to 8 h had little or no effect
on the TGIF1-Twistl interaction despite eliciting strong activation of
this pathway (Fig 3D and Appendix Fig S2C), suggesting that TGIF1

© 2019 The Authors



Parash Parajuli et al The EMBO Journal

Control KC KTC

Pancreas

Liver

Lung

Lymph node

h 3 ; Ja" 7 @ F S ﬁ»ﬁ?_ R -
o Vimentin Vimentin Vimentin
8
c
c
Q.
=
>
1: Pancreas - il Lt —
2: Brain
3: Liver
4: Lung D E o
Q *k
@ @& 5 ——
rMrereerm
< ¥
¥ 31
€
Q 24
c
S
S 14
0-

y O <O
© &4
& &

Figure 2. Tgifl inactivation promotes PDAC metastasis.

A Representative pictures of dissected abdominal region of KC and KTC mice. Yellow arrows indicate metastatic nodules in liver. Yellow dotted lines show the pancreas.

B FFPE sections of pancreas, liver, lungs, or lymph nodes from control, KC, or KTC mice were stained with H&E or immunostained with anti-Vimentin antibody and
revealed by IF. Representative pictures at 4x (Lymph node, H&E), 10x (Liver, H&E), and 20x (Pancreas, H&E; Lung, H&E; Lymph node, IF-Vimentin) are shown (n = 18—
30). Scale bars, 1,000 uM (Lymph node, H&E), 400 uM (Liver, H&E), and 200 puM (Pancreas, H&E; Lung, H&E; Lymph node, IF-Vimentin).

C Tumor volume and metastasis in live KC"““ and KTC"““ mice were analyzed by IVIS bioluminescence. Following imaging live animals, pancreas, brain, liver, and lung
were dissected and analyzed again by IVIS bioluminescence (n = 6, 5 out of 6 mice developed metastasis to liver and lung).

D Total cell lysates from pancreas of control, KC, or KTC mice were pooled and analyzed by immunoblotting using antibodies to pSmad2, Smad2, or JunB (n = 6).

E Expression of JunB in pancreas from control, KC, or KTC mice (same as in D) was analyzed by qRT—PCR (n = 6). Data are expressed as mean + SEM. **P < 0.01; based
on a two-tailed Student’s test.
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might interact with Twistl in a manner independent of TGF-f
signaling.

Intriguingly, we noticed during the analysis of the TGIF1-Twistl
interaction that Tgifl inactivation was associated with increased
abundance of the Twistl protein (Fig 3B). Corroborating this
finding, overexpression of TGIF1 in the human PDAC cell line PL45
stably expressing a doxycycline-inducible TGIF1 decreased the
abundance of endogenous Twistl protein and mRNA (Appendix Fig
S2C and D). Conversely, endogenous Twistl protein and mRNA
expression was markedly increased upon depletion of TGIF1 in
PL45 expressing a Dox-inducible TGIF1 shRNA (Fig 3E), hinting at
the possibility that TGIF1 might repress Twistl gene expression.

Several lines of evidence support a model in which TGIF1 func-
tions as a direct transcriptional repressor of Twistl. First,

Parash Parajuli et al

overexpression of TGIF1 in MIAPaCa-2 cells elicited a marked
decrease in the activity of a luciferase reporter driven by the TwistI
promoter (TGT™"; Appendix Fig S2E). Second, overexpression of a
TGIF1 mutant (TGIF1A), which is defective in its ability to recruit
the general transcription corepressor HDAC1 (Wotton et al, 1999),
had little or no effect on TGT™"® activity (Appendix Fig S2E). Third,
the Twistl promoter contains a conserved canonical TGIF1 binding
site (TGCTGCTGTCAC; Bertolino et al, 1995), whose mutation
rendered the TGT™® reporter insensitive to TGIF1 (Appendix Fig
S2E). Fourth, an oligonucleotide pull-down assay using purified HA-
TGIF1 confirmed the ability of TGIF1 to bind to the TwistI promoter
(Appendix Fig S2F). Substitution of TG for AA in the oligonucleotide
blunted this binding (Appendix Fig S2F), attesting to the specificity
of this protein—DNA interaction. Fifth, chromatin immunoprecipitation

A
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> 2 O S 5 Twist1»
A o = = SR nsp o
— o o e A -
_ - —_—— Twist1 [ )& -
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Figure 3. TGIF1 associates with and inhibits Twist1 expression.

A-C Protein extracts from MIAPaCa-2 cells (left) and control or Tgif1® mice (right) were immunoprecipitated using normal IgG, anti-TGIF1, or anti-Twist1 antibody and
analyzed by immunoblotting using antibodies to Twistl or TGIF1 (A-C). In (C), cell lysates were treated with DNase | before coimmunopreciptation. To control for
loading, total cell lysates were analyzed by immunoblotting using antibodies to Twistl, TGIF1, or B-Actin.

D Panc-1 cells were treated with TGF-f for 30 min, and protein extracts were immunoprecipitated with anti-TGIF1 antibody and analyzed by immunoblotting using
anti-Twistl antibody. To control for activation of TGF-p signaling, total cell lysates were analyzed by immunoblotting using anti-pSmad2 antibody.

E PL45 stably expressing Dox-inducible control or shRNA targeting TGIF1 were treated with vehicle or Dox for 48 h and analyzed for Twist1 expression by
immunoblotting or qRT-PCR (n = 6). In left panel, the intensity of the bands was assessed by densitometry, and the result was presented as a ratio of Twist1/TGIF1.
In right panel, data are expressed as mean + SEM. ***P < 0.001; ns, not significant; based on a two-tailed Student’s test.

F PL45 stably expressing Dox-inducible TGIF1 were treated with vehicle or Dox for 48 h and analyzed for binding of TGIF1 to the Twistl promoter by ChIP and agarose gel.
Pancreatic chromatin from control or Tgif1® mice was analyzed for binding of TGIF1 to the Twist1 promoter by ChIP and agarose gel.
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(ChIP) assays using PL45-Dox-TGIF1 cells showed a robust binding
of TGIF1 to the TWISTI promoter (Fig 3F and Appendix Fig S2G).
Finally, we detected strong binding of endogenous TGIF1 to the
Twist] promoter in wild-type mice, but not in Tgif1*° mice, used as
a negative control (Fig 3G and Appendix Fig S2H).

TGIF1 antagonizes Twistl transcriptional activity

Next, using PL45-Dox-TGIF1 cells expressing a Tam-inducible vari-
ant of Twistl (Twist1®®; Mani et al, 2008), we found that Twistl was
able to induce its own expression, and this effect was almost comple-
tely blocked by TGIF1 expression (Fig 4A). We noted that Tam stim-
ulation increased Twist1®™® expression, which could probably be due
to increased stability of Twist1®® following its translocation to the
nucleus. Although the exact underlying mechanism is presently
unknown, the observation that Twistl induces its own expression
together with the previous biochemical data showing a physical
interaction between TGIF1 and Twistl prompted us to investigate
whether TGIF1 could interact with Twistl on the Twist] promoter
and represses Twistl auto-transcriptional activity. An in silico analy-
sis identified a Twist1l-binding sequence (E-box) located close to the
TGIF1-binding sequence in the Twistl promoter. This Twistl-
binding sequence is functional, as overexpression of Twistl acti-
vated the wild-type TGT™ reporter, but had no effect on a mutant
lacking the Twistl consensus sequence (Fig 4B). Interestingly, over-
expression of TGIF1 blocked Twistl-induced expression from
its own promoter (Fig 4B), highlighting an ability of TGIF1 to
suppress Twistl auto-transcriptional activity. To investigate
whether TGIF1 and Twistl could bind independently or coopera-
tively to the Twistl promoter, we performed ChIP assays using
chromatin from mice with pancreas-specific deletion of Tgifl
(Tgif1%9) or Twistl (Twist1¥%). We found that deleting Tgifl did
not influence binding of Twistl to the Twistl promoter, and vice
versa (Appendix Fig S3A and B). Collectively, these findings
provide strong evidence that TGIF1 binds to and represses Twistl
auto-transcriptional activity.

TGIF1 represses PDAC formation and progression by
antagonizing Twistl

It is well established that Twistl promotes cell invasion and metas-
tasis by orchestrating the epithelial-to-mesenchymal transdifferenti-
ation (EMT), which is associated with loss of the epithelial marker
E-Cadherin and gain of the mesenchymal marker Vimentin (Mani
et al, 2008; Valastyan & Weinberg, 2011; Yang et al, 2004). Twistl
directly represses expression of the E-Cadherin gene (Cdhl), thereby
leading to disassembly of cell—cell junction and attendant cell migra-
tion. To provide further evidence that TGIF1 antagonizes Twistl
activity, we investigated whether TGIF1 could counteract Twistl-
mediated repression of E-Cadherin. Using PL45-dox-TGIF1 cells
stably expressing Twist1"®, we found that inducing Twistl activity
resulted in a significant decrease in E-Cadherin protein expression,
and this effect was blunted by inducing TGIF1 expression
(Appendix Fig S3C). A similar conclusion could be drawn when
CDH1 (gene encoding E-Cadherin) mRNA expression was examined
by gRT-PCR (Appendix Fig S3D). We also detected decreased
expression of both E-Cadherin protein and mRNA in KTC mice as
compared to KC mice (Fig 4C and D). To substantiate these findings,
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we compared the extent of EMT between KTC and KC mice. Relative
to KC mice, E-Cadherin expression was decreased in KTC mice,
concurring with increased expression of Vimentin (Fig 4C-E and G),
indicative of Twistl activation and the resulting EMT. These find-
ings suggest that TGIF1 might function to oppose Twistl-induced
EMT, perhaps thereby inhibiting PDAC metastasis.

Besides its role in mediating EMT and cell invasion, Twistl is
deemed to contribute directly to malignant transformation owing to
its ability to influence major tumor suppressor and oncogenic
signaling pathways that are deregulated in most human cancers
(Lee & Bar-Sagi, 2010; Maestro et al, 1999; Piccinin et al, 2012;
Shiota et al, 2008; Vichalkovski et al, 2010). In the context of PDAC,
Twistl has been shown to directly repress expression of pl16Ink4A,
thereby allowing Kras®'?P to bypass cell senescence and thus to
initiate tumorigenesis (Lee & Bar-Sagi, 2010). To further substanti-
ate the relationship between TGIF1 and Twistl, we extended our
experiments to analyze expression of pl6Ink4A. Similar to
E-Cadherin, activation of Twistl®™® by Tamoxifen in PL45-dox-
TGIF1-Twist1™® cells reduced p16Ink4A expression, and this inhibi-
tory effect was relieved upon inducing TGIF1 expression
(Appendix Fig S3C and E). In vivo, KC mice displayed decreased
expression of pl6Ilnk4a when compared to control mice (Fig 4C, F,
and G), which is consistent with previous studies (Lee & Bar-Sagi,
2010). More importantly, relative to KC mice, KTC mice displayed a
further decrease in p16Ink4A expression (Fig 4C, F, and G), lending
further support to the hypothesis that TGIF1 might inhibit Twistl
oncogenic activity.

To investigate whether Twistl could contribute to the PDAC
phenotype driven by the combined Tgifl deletion and Kras®!?P
expression, we generated mice with pancreas-specific Twist! dele-
tion in the KTC background (referred to hereafter as KTWC mice).
KTWC mice were born with Mendelian frequencies, and no pheno-
typic differences between KTWC mice and KTC or wild-type litter-
mates were observed. Remarkably, the vast majority of KTWC mice
remained healthy and free of tumors, and none of them developed
metastatic lesions into the liver during the entire observation period
of 25 weeks (Fig SA and B). In comparison, all KTC mice
succumbed to invasive PDAC by 19 weeks, 63% of which had liver
metastasis (Fig 5B). During the course of this study, we also gener-
ated KC mice deleted of Twist] (KWC) and found that TwistI inacti-
vation completely blocked the PDAC phenotype driven by Kras®!?P
alone (Appendix Fig S4A-C). Noteworthy, Twistl deletion
prevented the decrease in expression of Cdhl and pl16Ink4A mRNA
as well as the increase in expression of Vimentin mRNA in KTC
mice (Fig 5C-E), and these were further reflected in their protein
levels (Appendix Fig S4D), providing further evidence that TwistI
deletion can block both PDAC formation and progression in KTC
mice. Collectively, these genetic experiments provide strong
evidence that Twistl plays an important role in PDAC progression
driven by Kras®!?" alone or in combination with TgifI inactivation,
which is consistent with our mechanistic model in which TGIF1
functions to antagonize Twist1.

TGIF1 phosphorylation in human PDAC disrupts its tumor
suppressor function

To attest to the clinical relevance of our findings, we took advantage
of previous studies from our and other laboratories reporting that

The EMBO Journal 38:e101067 2019 7 of 19



The EMBO Journal Parash Parajuli et al

A 8 TGTLue TGTLwe
Twist1ER —-—-— o Twist1 wild-type ~ Twist1 mutated
% ' *k%k * ) ' nS nS )
E >
Twist] |ww - - T S
2 j
<
o —— g
©
Tam - + - + ko)
Dox - - + + S
| o B
Twist1 Twist1 § Twist1 Twist1
+EV '+TGIF1t +EV '+ TGIF1
C D E F
E-CadherinE- 1259 /e, 109 = 1254
imenti = 2 100
Vimentin e % 1.00+ QZE: 8] DEC aal
p16-Ink4A [l £ 0.75- E 6 E o075
At E T 0.50- g 4 %0.50-
-Actin S 1 £
g R O .25 § 24 _ S 0.25- =
= O O ] <
g X c 0 0O 0 0
< 3 3 O 0O 3 OO
<K = =
3 ETC <G £<C
o o o
&) O O
G
w [
o8
T
£
@
c
e}
©
Q
w
£
S
[0}
=
=
©
<
X
C
©
2l
Figure 4.

8 of 19 The EMBO Journal ~ 38: €101067 | 2019 © 2019 The Authors



Parash Parajuli et al

Figure 4. TGIF1 inhibits Twistl transcriptional activity.

The EMBO Journal

A PL45 stably expressing both Dox-inducible TGIF1 and Tam-inducible Twist1 (Twist1¥%) were treated with Tam and/or Dox for 48 h and analyzed for Twist1

expression by immunoblotting or qRT-PCR (n = 6).

B MIAPaCa-2 cells were transfected with wild-type or mutated (Twistl binding site) Twistl luciferase reporters (TGT™) together with increasing amounts of Twistl
expression vector in the presence of empty vector (EV) or TGIF1 expression vector. Luciferase activity was measured 48 h following transfection and normalized on

the basis of co-transfected Renilla luciferase (n = 6).

@ Total lysates from pancreas of control, KC, or KTC mice were pooled and analyzed by immunoblotting using antibodies to E-Cadherin, Vimentin, p16Ink4A, and B-

Actin (n = 6).

D-F Expression of Cdh1, Vimentin, and p16/nk4A in pancreas from control, KC, or KTC mice (same as in C) was analyzed by qRT-PCR (n = 6).
G FFPE pancreatic sections from control, KC, or KTC mice were stained with H&E or immunostained with antibodies to E-Cadherin, Vimentin, or pl6ink4a and
revealed by IF or IHC. Representative pictures at 20x are shown (n = 30). Scale bars, 200 pM.

Data information: For (A, B, D, E, and F), data are expressed as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant; based on a two-tailed Student’s test.

activation of Ras/MAPK signaling can trigger TGIF1 phosphoryla-
tion at Thr235/Thr239 (Ferrand et al, 2007; Lo et al, 2001), though
the impact of this phosphorylation remained unexplored. Notewor-
thy, TGIF1 migrates as a double band in SDS-PAGE, with the slower
migrating band corresponding to the phosphorylated form (see
Figs 3, 6 and 7, and EV1, Appendix Figs S2 and S5). To explore
more deeply the impact of TGIF1 phosphorylation, we generated an
antibody that specifically recognizes TGIF1 phosphorylated at
Thr235/Thr239 (T235/239), as gauged by its inability to recognize a
TGIF1 mutant in which Thr235/Thr239 were replaced by Ala
(TGIF1.2TA) in immunoblotting assays using extracts from reconsti-
tuted Tgifl ™/~ MEFs (Fig 6A). In an alternative control experiment,
we found that TGIF1 was less phosphorylated in BxPC3 than
MiaPaCa-2 cells, which harbor wild-type and oncogenic KRAS,
respectively (Appendix Fig S5A). Using this antibody, we performed
THC experiments to assess phosphorylation of TGIF1 in two human
PDAC tissue microarrays (TMAs) containing 80 and 103 samples,
respectively. We detected a marked increase in TGIF1 phosphoryla-
tion in more than 90% of PDAC samples, and this increase was
observed at any stage of tumorigenesis examined, although its
extent tends to increase with PDAC progression (Fig 6B and C, and
Appendix Fig S5B), which is in agreement with the literature that
most of human PDAC tumors harbor constitutively active Kras
signaling (Almoguera et al, 1988; Hezel et al, 2006). Interestingly,
high levels of TGIF1 phosphorylation were associated with high
levels of Twistl expression, and vice versa (Fig 6B), further attest-
ing to the relationship between TGIF1 and Twist1.

In light of this clinically relevant finding, we sought to investi-
gate whether constitutive phosphorylation of TGIF1 could affect its
ability to suppress PDAC. To probe this possibility, we first
conducted experiments to analyze the effects of TGIF1 phosphoryla-
tion on the interaction of TGIF1 with Twistl as well as on the
expression of Twistl. Using a mammalian two-hybrid approach, we
observed a significant decrease in the TGIF1-Twistl interaction
upon expression of Kras“'?? in BxPC3 cells (Appendix Fig S5C).
Under these experimental conditions, TGIF1.2TA (phosphorylation-
defective mutant) exhibited more affinity for Twist1, and its interac-
tion with Twistl was not affected by Kras®'?” (Appendix Fig S5C).
These results provide further evidence that TGIF1 and Twistl form
a physical complex, whose level appears to decline in the presence
of oncogenic KRAS.

Next, we found that overexpressing a double mutant that mimics
phosphorylation at T235/239 (TGIF1.2TD) completely blocked
TGIF1-induced repression of the TGT™ reporter in MIAPaCa-2 cells
(Appendix Fig S5D). Congruently, TGIF1.2TD was neither able to
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bind to the Twist] promoter, nor able to inhibit Twistl expression
in MIAPaCa-2 cells (Fig 6D and E, and Appendix Fig SSE). In an
alternative experimental approach, expressing Kras®'?® dampened
the ability of wild-type TGIF1 to repress Twistl transcription activ-
ity, but failed to do so in the presence of the phosphorylation-defec-
tive mutant TGIF1.2TA (Fig 6F). A similar conclusion could be
drawn when the expression of Twistl target genes (e.g., CDHI,
pI6INK4A) was examined (Fig 6G and H). To substantiate the find-
ings that TGIF1 phosphorylation disrupts its ability to repress TwistI
transcription, we extended our experiments to examine whether
TGIF1 phosphorylation could also disrupt its anti-tumor activity. To
this end, we used four different human PDAC cell lines harboring
constitutive active mutant KRAS (i.e., MIAPaCa-2, KRASC!%%; Suit-2,
KRASC®'P; Capan-2, KRASCS'?Y; Panc-1, KRAS®'?P). As shown in
Fig 7A, Suit-2 and MIAPaCa-2 cells display a more mesenchymal
phenotype, whereas Capan-2 and Panc-1 cells display a more epithe-
lial phenotype. We also found that cells with high TGIF1 expression
displayed low Twistl expression, and vice versa (Fig 7B), making
these cell lines suitable for our study. Remarkably, we found that
although transfecting wild-type TGIF1 had little or no toxicity 48 h
after transfection, it almost completely blocked proliferation of all
four cell lines after 2 to 3 weeks, depending on the cell type (Fig 7C
and D, and Appendix Fig S6). Under these experimental conditions,
overexpression of phosphorylation-mimic mutant TGIF1.2TD was
void of any significant effect on MIAPaCa-2, Suit-2, and Panc-1 cell
growth. Intriguingly, expression of TGIF1.2TD stimulated prolifera-
tion of Capan-2 cells (Fig 7D), suggesting that TGIF1 phosphoryla-
tion might switch TGIF1 from an inhibitor to an activator of cell
proliferation in this particular cell line. Of note, TGIF1.2TD was
expressed at a level similar to that observed for wild-type TGIF1
(Fig 7C). When taken together with our genetic experiments using
KTC mice, these findings provide strong evidence that TGIF1 acts to
restrain oncogenic Kras-driven PDAC and further suggest that this
TGIF1 tumor-suppressive function might be inactivated by phospho-
rylation in human PDAC harboring constitutive Kras signaling.

Discussion

TGIF1 belongs to the superfamily of TALE homeodomain proteins,
which control an array of important cellular processes, such as spec-
ification of developmental fate, proliferation, apoptosis, and dif-
ferentiation (Burglin & Affolter, 2016; Wotton & Massague, 2001).
Although mice with global TgifI deletion develop normally and are
fertile, they show a large spectrum of subtle abnormalities, which

The EMBO Journal 38:€101067 2019 9 of 19



The EMBO Journal

A B
P < 0.0001 (KC vs KTWC)
100
T L @
2 o w
2 1 5 %
a — Control (n=30) 5
o
2 501 —KTC (n=30)
i —KTWC (n=18)
o} ]
£ 8o
et o X
0 T . T T ) SO
0 5 10 15 20 25 o |
Time (weeks)
S LW
[}
o3
=T
Cc D
25, 10+
< 20 % 8 .
z € .
€ 1.54 S 6-.
~ i = i
S 1.0 é 4.
G] i S i
0.5 N 2.
0- (ONE] 0
SE
TRE
8 X

Parash Parajuli et al

Control

E
Pl 2.5+ -~

< ,0
r V]
E 1.5
Y 10-
<
© 05-
Q.

O_
see see
S<C S<C
S < S <

Figure 5. Twist1 inactivation blocks PDAC formation and metastasis in KTC mice.

Kaplan—Meier survival analysis of control, KTC, and KTWC mice.

B FFPE sections of pancreas or liver from control, KTC, or KTWC mice were stained with H&E or immunostained with anti-CK19 antibody and revealed by IHC.
Representative pictures at 10x (Liver, H&E) or 20x (Pancreas, H